The relative contributions of aging and coronary heart disease to the impairment of functional capacity were assessed in 117 coronary patients, 117 age-matched healthy middle-aged men, and 62 healthy young men by utilizing a multistage treadmill test of maximal exercise.
C ORONARY heart disease exhibits marked variability in its clinical manifestations. While some patients are disabled by angina pectoris, others surviving myocardial infarction pursue their usual activities with little or no symptoms. Nevertheless, hemodynamic studies indicate that most coronary patients have evidence of impaired myocardial contractil- ity.'-6 When stressed by exercise or isoproterenol infusion, they show subnormal increments in cardiac output, stroke volume, and systolic ejection rate.3 4 6 More advanced disease may manifest overt left ventricular failure with elevated resting left ventricular end-diastolic and pulmonary capillary pressures." 2, 5 In a parallel manner, advancing age also adversely affects cardiovascular function. Whereas older individuals show only slight abnormalities at submaximal work loads, their maximal exercise performance is significantly limited.A14 Oxygen consumption, heart rate, stroke volume, and cardiac output are all reduced at high work loads. Consequently, most middle-aged coronary patients suffer from the added limitations of both disease and increasing age.
Many clinicians limit exercise testing of coronary patients to simply detecting myo- Each subject was examined before and after the test by a physician who remained in attendance during the entire procedure.
A bipolar (CB-5) precordial lead was used to record the electrocardiogram continuously for heart rate, changes in cardiac rhythm, conduction and ST-T forces during exercise, and the first 6 min of recovery. The electrocardiographic tracings were obtained on a Sanborn recorder with an optimally danmped amplifier to avoid gross instrumental errors in the low frequency range. The calibration factor xvas 0.1 mv equal to 1 mm, and the constancy of a sustained signal was verified by a rate of decay less than 5% in 0.2 sec. An ischemic S-T response was defined as S-T segment depression beyond the J point whether upsloping, horizontal, or downsloping, of 1.0 mm or more (less than -0.10 mv) for at least 0.06 sec. Junctional S-T changes were not regarded as abnormal. Heart rates were recorded at rest and during each minute of exercise and recovery, *Exercise was discontinued by the attending cardiologist, rather than the patient in only nine of the 296 (3%) instances; the reasons (and number of patients) were: early convalescence after myocardial infarction (2 patients), bradycardia (1), advanced age and heart rate (1), progressive S-T depression (1), recurrent atrial or ventricular premature beats (2) with aberrant IV conduction (2 (5) heart rate difference (maximal exercise heart rate minus resting heart rate just before exercise), and (6) heart rate reserve (HRR). The latter was derived by relating the submaximal heart rate for stage I to both resting and maximal exercise heart rates, expressed as a percentage as indicated by the formula: Cumitnulative percenrtage dist ibutltos of change in heart rate from rest to maximal exercise, or heart rate difference in coronary patients and two groups of normals. Note that there is no diffeeence in heart rates in 15% of both normal groups with low differences, but higher differences in the remaining 85% of the younger normal men. About 98% of the patients had lower differences than age-matched normals.
Circulaion, Volume XXX1X, angina had a duration of 4.9 min, or only 74% of 6.6 min for patients with previous myocardial infarction but no angina. Changes in heart rate responses were additive. Older normals showed a maximal heart rate of 174 and heart rate difference of 104 beats/min compared to 191 and 111 for younger normals (P <0.001) (figs. 4 and 5; table 2 ). Yet both normnal groups had an identical heart rate reserve of 64%t ( fig. 6 ; table 2). Thus, older individuals showed lower resting, stage I, and maximal heart rates, but utilized a similar portion of their heart rate difference to perform submaximal work loads. In contrast, coronary patients exhibited an even lower maximal heart rate (average 142 beats/min), lower heart rate difference (65 beats/min), and a lower heart rate reserve (33%) than either nornal group (P <0.001) (figs. 5 and 6; table 2). Since disease diminished total heart difference, the cardiac patients utilized a greater portion of their heart rate reserve to perform submaximal exercise. Thus, the relative work load on the heart was greater for the patients, even though the absolute physical stress on the body per unit of weight was identical.
Systolic 21.9 inl/kg x min, respectively. tAvailable data to assess reproducibility on 79 older normal men who had been tested in the same manner nmore than 1 year earlier showed correlation coeffiriesits of sariables as follows: resting heart rate just priom to exercise, + 0.606; at third minute of stage I exercise, + 0.623; arid at maximal exercise, + 0.754.
Heart rate difference was + 0.542 and heart rate reserve, +0.610. Total duration of exercise was +0.756. Although these variables were highly correlated (P < 0.001), the duration of maximal performance had the highest reproducibility. Thus there was less variance at a self-determined maximal duration of exercise than at a steady state of only moderate exercise which was controlled by the speed and grade of walking. fig. 12 ). While the prevalence of S-T depression increased with advancing years in middle-aged normals and patients with myocardial infarction, age dependence was less marked for coronary patients with only angina pectoris ( fig. 10; table 3 ).
Coronary patients with a history of angina demonstrated a 70% prevalence of ischemic S-T response in contrast to 40% in those with healed myocardial infarction without angina. Of 66 patients developing chest pain while exercising, 80% had positive S-T changes, while only 37% of 51 patients without exertional chest pain showed these changes attributed to ischemia (x2 = 26, 1 df, P < 0.001). Maximal heart rate, heart rate reserve, as well as maximal systolic pressure and duration of exercise were significantly The present study documents impaired exercise performance at both submaximal and maximal work loads of patients with coronary heart disease. Quantitatively the effects of disease are more marked in patients with angina than in those who survived acute myocardial infarction. In both types of patients, heart rate was faster, at the lowest submaximal work load which was used, than that of age-matched controls. Accordingly, the heart rate reserve was lower, especially in patients with angina who also exhibited the lowest maximal heart rates. Thus, the relative Circulation, Volume XXXIX, June 1969 stress on the myocardium was augmented, even though the external physical work load on the body was identical to that of the controls. This distinction could not be fully appreciated from the absolute values observed at submaximal exercise since maximal effort must be defined for the individual before the relationship of submaximal to maximal can be determined. At maximal exercise duration, estimated maximal oxygen intake, maximal heart rate, heart rate difference, maximal systolic pressure, and change in systolic pressure were all significantly lower than observed in age-matched controls. Whereas it might be argued whether these differences were simply due to stopping exercise prematurely for other reasons, the intensity of the symptoms, the delayed recovery after exertion, and the objective evidence of little increment in oxygen intake during the last 2 min of exercise in a few patients in whom this was carefully measured clearly indicate that a nonphysiological limitation is untenable. Other studies, now in progress, on cardiac output and pulmonary arterial and aortic pressures indicate that altered hemodynamic responses occur well before, rather than after the subjective awareness of angina or other symptoms.24 Thus, there is indirect evidence from the present studies of circulatory impairment of oxygen transport due to both impaired contractile force and heart rate difference. The significantly lower maximal systolic pressure, as well as reduced change in systolic pressure, reflect impaired myocardial contractility and a deficient stroke output. These findings agree with those of other investigators who demonstrated inadequate rises in stroke volume, stroke work, and mean systolic ejection rate.3 4 6 Depressed left ventricular function was most readily apparent during episodes of coronary insufficiency. ' -35 Impaired chronotropic responses of coronary patients were evident by a greater reduction in maximal heart rate, heart rate difference, and lower heart rate reserve (HRR). Consequently, since submaxima] work loads required a greater portion of that capacity, they proved to be relatively more 769 KASSER, BRUCE stressful for the myocardium of coronary patients than for normal subjects.
Among coronary patients not in heart failure and not receiving digitalis, those with angina were more disabled than those having only healed myocardial infarction. Total duration, maximal systolic blood pressure, change in systolic pressure, maximal heart rate, and heart rate reserve, all were signrificantly lower in angina patients. These results are consistent with several studies which have associated angina with the presence of more severe left ventricular insufficiency."', Left ventricular end-diastolic, pulmonary wedge, and pulmonary artery pressures were significantly elevated wvhile stroke volume, stroke work, and systolic ejection rate were reduced during episodes of Figure 13 Average percentage differences in exercise performance (duration), changes in heart rate, systolic and diastolic blood pressures, and prevalence of S-T segment depression after maximal exercise attributable to aging in normal men, and to coronary heart disease in men of comparable age. Note the greater decrements in duration, heart rate, and systolic pressure with coronary disease, along with a positive diastolic pressure difference due to compensatory vasoconstriction. The ischemic ECG response is also more common in patients with coronary disease. AGING, HEART DISEASE, AND EXERCISE different patterns do exist ( fig. 13 ). Middleaged normal men showed lower total duration of exercise and lower maximal heart rates than younger normal men without any apparent difference in heart rate reserve. These findings point to a limited overall capacity, with normal adaptation to lower work loads. On the other hand, the greater reductions in duration, maximal heart rate, and heart rate reserve of patients with coronary disease demonstrate impaired exercise performances at both submaxinal and maximal levels. Other studies have also reported that aging affects stroke volume, heart rate, and cardiac output more at higher than at lower work loads in normal individuals." 1 12 Blood pressure responses to maximal exercise are quite different for older normal persons and diseased patients. Despite reduced maximal systemic blood flow, the altered elastic properties of aging vessels augment peripheral systolic blood pressure ( fig. 13) Mattingly29 demonstrated a significantly higher mortality from coronary disease in patients showing 0.5 mm or more S-T depression. Postmortem data on 47 patients who died within 6 years after performing Master's two-step test showed electrocardiographic findings to be more specific than sensitive when other causes of ischemia could be eliminated. Thus, of 17 patients with little atherosclerotic coronary disease (grade 2 or less), only one patient (6%) suffering from a chronic aplastic anemia had shown a "false positive" S-T response. Since 17 of 30 patients with significant coronary atherosclerosis (grade 3 or 4) exhibited prior ischemic S-T changes, the sensitivity for true positives was 57%. Incidence of false positives was 6% and of false negatives, 43%, while specificity for true negatives wvas 94% (x2 =5.6, 1 df, P <0.05).
False positive, and particularly, false negative S-T changes have continued to be a problem even with more strenuous exercise. Mason and associates30 compared coronary arteriographic findings with S-T responses of near maximal exertion, using either an escalator or bicycle ergometer. Of 42 patients with a positive S-T response (1.0 mm or more), 38 showed important narrowing of coronary vessels. Conversely, of 42 patients with a negative S-T response, 31 had less than 50% narrowing. Here, the frequency of false positives was 9.5%, and false negatives, 26%. The authors concluded that other factors associated with false negative S-T responses may be the small size of the ischemic area, 772~~~~~~~~~~~~K AGING, HEART DISEASE, AND EXERCISE significant collateral vessels, the minority of severely diseased patients still remains S-T negative. 32 The explanation of this phenomenon may lie in the nature of the test procedure. The initial stage of the multistage treadmill test is actually -so stressful for some severely impaired coronary patients that they are unable to exercise for a sufficient period to impose an adequate work load on their myocardium. Actually the frequency of S-T depression increases in patients with angina as the number of stages increases from I to II ( fig. 11) . Thus, even in the face of diffuse severe coronary disease, a threshold of hemodynamic stress on the myocardium must be reached. Figure 14 illustrates how a positive S-T response could be induced in patient D.R. by altering the usual test procedure to provide a longer period of exertion at an even lower work load and thereby augmenting the total work load.
In conclusion, the postexertional S-T response is the result of a variety of factors affecting the balance between the work load imposed and the oxygen available to the myocardium. S-T depression may occur in both diseased and healthy subjects, depending on age, cardiac stress, and patency of coronary vessels or adequacy of oxygen transport of the myocardium. The clinical expression of S-T depression in disease, however, is a more prolonged, severe, symptomatic, and evolving force after exertion than that seen transiently in clinically normal individuals.
